The analysis, design, and realization of a modified Vivaldi antenna optimized for time domain fidelity factor in the half-space located in the direction of the antenna main beam are presented. The proposed antenna shows improved angular-dependent fidelity property, with respect to the signal transmitted in the main beam direction. A substantial increase in the fidelity factor is achieved by utilizing spatial filter effect introduced by adding two dielectric slabs parallel to the antenna substrate. By choosing optimal dimensions and location of the slabs, the signal waveforms in the mentioned half-space are equalized so as to improve the quality of the radiated signal waveform in the main beam direction. As a result, the fidelity property in the half-space is improved greatly. The simulated and measured fidelity factor in the angular operational region is studied and compared with experimental measurements. The ranges with the fidelity factor better than the value of 0.9 are improved by 95% in H-plane and by 14% in E-plane, respectively.
Introduction
Since Federal Communication Commission (FCC) of USA opened up the frequency range 3.1-10.6 GHz for ultrawideband (UWB) communication in 2002, UWB has attracted a lot of attention in the wireless communications field from both academia and industries [1] . UWB system has many advantages, such as high data rate, high spatial resolution, low-cost transceiver, low transmit power, and low interference, which are quite suited to short-range high-rate communication, real-time localization, and see-through-thewall and ground penetrating radar [2, 3] . There have been lots of investigations about these UWB applications; some of them have already been commercially used.
UWB antenna is one of the key parts in UWB system. A well-designed UWB antenna should have a wide bandwidth, a stable gain pattern that ensures a flat magnitude of the transfer function, and a linear phase response, characteristics useful to minimize the distortion of the transmitted/received pulses [4] . In [5] , a nondirective UWB printed antenna for wireless applications, characterized by a low group delay, excellent integration capability with the active/passive components forming the receiver/transmitter front end, and good radiative performances when arranged in arrays, has been presented. In [6] , an UWB antenna that rejects extremely sharply the two narrow and closely spaced US WLAN 802.11a bands is presented, while in [7] , a compact, low dispersive UWB antenna with sectorial radiation pattern and high front to back ratio has been proposed.
Vivaldi antenna is a kind of tapered slot UWB antenna. The first tapered slot antenna was presented by Lewis et al. in 1974 [8] and named Vivaldi antenna by Gibson in 1979 [9] . Vivaldi antennas are widely used in UWB system for its wide bandwidth, high directivity, low cross-polarization, and easy fabrication. During the past decades, many investigators studied Vivaldi antennas. The miniaturization and the bandwidth performances are key requirements in the design of modern wideband antennas. In this context, Hood presented a compact Vivaldi antenna fabricated with a 39.4 × 34.6 mm substrate, which operates in the frequency band 3.3-10.6 GHz [10] . In [11] , a slot loaded Vivaldi antenna with bandwidth over 25 : 1 is presented. In addition, the pulse radiation characteristics are quite important for antennas used in the impulse UWB system. In [12] , the authors studied the transient distortion, reflection coefficient, and crosspolarization level of Vivaldi antenna. Vivaldi antenna is quite fitting for UWB antenna array due to its wide bandwidth, high directivity, low cross-polarization, and low profile. In the past decades, especially after the computer is getting powerful enough to analyze antenna arrays, many investigations were carried out to improve the performance of Vivaldi antenna arrays. As of this time, no competing array technology can match the wide bandwidth and wide scanning impedance performance of Vivaldi antenna arrays, which are widely used in modern electronic warfare system and radar system [13, 14] . It is quite important for an antenna array element to keep good performance in a wide spatial region while the main beam is scanning. In practice, all the antennas radiate different signals in different spatial directions. So it is quite important to study the correlation between the signal radiated and spatial directions, both in frequency and in time domains. In [15] , the angular distortion of the signal radiated with respect to that emitted in the main beam direction of UWB antennas has been investigated. The correlation properties of the pulse signals are determined by the so-called fidelity factor. It can be quantified through the analysis of the correlation between the signal in an arbitrary angular direction and the signal in the main beam direction. Usually, a fidelity factor which is greater than the value of 0.9 could be considered to be acceptable. In [16] , Quintero et al. introduced system fidelity factor (SFF) to compare UWB antennas. In [3] , the half-spherical fidelity factor pattern measurement results of Bowtie and Vivaldi antenna are presented. The fidelity factor pattern describes how does the signal vary in the different angular directions with respect to the signal in the main beam direction. In [17] , Pancera and Wiesbeck introduced an optimization method based on the fidelity factor criterion to improve the radiation properties of Bowtie antennas for medical applications.
In this paper, a method to improve the fidelity factor of Vivaldi antenna in spatial range is presented. The original Vivaldi antenna operates in the frequency band 3.1-10.6 GHz. The modified antenna has two dielectric slabs that are parallel to the antenna substrate. These dielectric slabs are located at a distance from the upper and bottom faces of the antenna. The dielectric slabs act as a spatial filter to reform the signal waveform. Using the GA algorithm, the parameters of the dielectric slabs have been optimized producing an increment of the fidelity factor in a larger angular range. The simulations of both original antenna and improved antenna are performed using the commercial electromagnetic simulation software CST MWS. The available ranges with the fidelity factor greater than the value of 0.9 in H-plane and in E-plane are improved by 95% and 14%, respectively. The prototypes of both original antenna and improved antenna were fabricated and measured. The numerical results concerning the antenna parameters are found to be in good agreement with the experimental measurements.
Improvement of the Vivaldi Antenna Fidelity Factor

Original Vivaldi Antenna.
Vivaldi antenna is one kind of classic end-fired directive travelling wave antennas, which has a tapered slot characterized by a bell-shaped exponential on it. The slot curve on the substrate board becomes wider gradually from the narrow end to the wide end, and it radiates the electromagnetic waves using the corresponding part of the slot as constant electric size at the relevant frequency. So theoretically, Vivaldi antenna has an infinite wide frequency band [5] . In practice, Vivaldi antenna has a band width better than 10 : 1 and has the features of low cross-polarization and highly directive radiation patterns over the whole frequency band. In this paper, a Vivaldi antenna operating in the frequency band 3.1-10.6 GHz is investigated. The antenna is fabricated on a two-layer substrate with dielectric constant of 3.5, size of 85 mm * 70 mm, and each layer thickness of 0.8 mm. The geometry of the original Vivaldi antenna is shown in Figure 1 , with the xz-plane and yz-plane referred to as the E-plane and H-plane, respectively. The reference frame adopted to express the field quantities is shown in Figure 2 . The tapers of the antennas are defined as
The values of the antenna geometrical parameters are shown in Table 1 .
A commercial Finite Integration Technique (FIT) electromagnetic simulation software CST MWS is used to analyze the radiative performances of the Vivaldi antenna. The antenna is excited by a UWB signal in the frequency band 3.1-10.6 GHz, which is a Gaussian pulse in the frequency band 0-3.75 GHz modulated by a cosine wave carrier at the frequency 6.85 GHz. The waveform of excitation signal is shown in Figure 3 . A set of probes have been placed at a distance of 1000 mm from the antenna on a plane around the antenna and spaced by 5 degrees to detect the time-domain signal radiated by the antenna. Since the Vivaldi antenna has quite good cross-polar property, only the copolar radiation signals are considered. The normalized signal waveforms at the main beam direction and other directions computed in the E-and H-planes are shown in Figures 4 and 5 , respectively. The fidelity factor between the signal at the main beam direction 1 ( ) and the signal in an arbitrary angular direction 2 ( ) is defined as the normalized cross-correlation between them and can be calculated by [3] The fidelity factor results computed in E-and H-planes are listed in Table 2 . From Table 2 , it appears that the fidelity factor in H-plane degrades quickly as the angle between the antenna's main beam and the observation point is larger than 35 degrees.
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The dielectric slabs play a role as a spatial filter, which have the angular-dependant effect on the incident wave. So, by proper tuning of , , and , the quality of the radiated wave can be restored. This effect can be used to optimize the antenna fidelity factor in the angular operational region. Besides the parameters above, the length of the slabs and the position of the slabs along the -axis 3 also can be considered as optimization parameters because they decide the angular range covered by the slabs. 
Antenna Simulation and Measurement
The polyformaldehyde, having a relative dielectric constant = 3.8, is chosen for the realization of the two dielectric slabs thanks to its intrinsic characteristics, consisting in the easy machining and good temperature characteristics. The structure of the Vivaldi antenna is optimized with the goal of the better fidelity factor in H-plane and in E-plane using Genetic Algorithms optimizer in CST MWS. The criterion of the fidelity factor is set to 0.9. The optimal parameters of the dielectric slabs are listed in Table 3 .
The fidelity factor of improved antenna computed in Eplane and H-plane is listed in Table 4 and compared with the results of the original antenna as shown in Figure 7 .
The fidelity factor in H-plane has been improved significantly. The available range of the original antenna in H-plane is 70 degrees, and the improved antenna has an available range wider than 135 degrees, which has been improved by about 97%. Besides that, the available range in E-plane has been improved from 136 degrees to 156 degrees, which is not such remarkable as that in H-plane. The prototypes of the two considered antennas are shown in Figure 8 , while the numerical and measurement results concerning the frequency behavior of the parameter | 11 | of the new antenna are reported in Figure 9 .
The measurement of fidelity factor was carried out in an enclosed anechoic chamber. The measured antenna is installed on a rotating platform. A wideband probe is used Figure 10 . The measurement results of the fidelity factor in E-plane and H-plane are shown in Figure 11 . The original Vivaldi antenna shows its good fidelity factor characteristics in a side-ways H-shape area with azimuth angle scanning less than 35 degrees in H-plane and elevation angle less than 65 degrees in E-plane, respectively. The improved Vivaldi antenna shows its good fidelity factor characteristics in a cross-shape area with azimuth angle scanning better than 65 degrees in H-plane and elevation angle better than 70 degrees in E-plane, respectively, which is extended in horizontal direction significantly.
Conclusion
In this paper, a new method to improve the fidelity factor of a planar Vivaldi UWB antenna has been proposed. Two dielectric slabs, which play the role of a spatial filter suitable to restore the signal waveform in time domain, are added to the original Vivaldi antenna. By tuning the dimensions and the relative position of the dielectric slabs, the fidelity factor in the half space is optimized. The angular available range in H-plane with the fidelity factor greater than the value of 0.9 has been improved by 95% and the available angular range in E-plane has been improved by 14%.
